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Summary
Objective: To quantify differences in bone structure in the proximal tibia of patients with mild, deﬁnite and advanced osteoarthritis (OA)
compared to healthy reference tibiae.
Design: Patients with medial compartment OA (nZ 110; FZ 70), meanGSD age 61.0G 10.2 years, and non-OA reference subjects
(nZ 27; FZ 10) meanG SD age 36.3G 11.4 years had 4! macroradiographs digitised by laser scanner. Computer measurement of
minimum medial joint space width (JSW) subdivided available OA knees into those with early (JSWO 3 mm, nZ 70), deﬁnite
(JSW% 3O 1.5 mm, nZ 52) and advanced OA (JSW% 1.5 mm, nZ 60). Non-OA knees (nZ 49) had JSWO 4.5 mm. Fractal Signature
Analysis (FSA), a computerised image analysis technique, measured differences in cancellous bone structure between OA and non-OA tibiae
at four regions of interest (ROIs).
Results: Compared to non-OA, FSA of vertical trabeculae increased signiﬁcantly (P! 0.05) at most sizes (0.12e1.14 mm) in all OA
subgroups and ROIs, with greatest increase occurring in the medial diseased compartment. Compared to early OA, FSA of vertical trabeculae
increased signiﬁcantly (P! 0.05) at most sizes (0.36e1.14 mm) in subchondral and subarticular ROIs in deﬁnite and advanced OA.
Compared to non-OA, FSA of horizontal trabeculae increased signiﬁcantly (P! 0.05) at some small sizes in all ROIs and OA subgroups, and
decreased signiﬁcantly (P! 0.05) at large sized horizontal trabeculae (0.60e1.14 mm) in the medial subarticular region in advanced OA.
Conclusion: The increase in FSA (consistent with increased trabecular number associated with thinning and fenestration in regions of dense
cancellous bone) of most vertical and some horizontal trabeculae conﬁrms that cancellous bone within the proximal tibia of OA patients is
osteoporotic.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Bone changes in osteoarthritis (OA) have characteristically
been described as an increase in subchondral sclerosis in
the tibia of OA knees1,2. However, studies have suggested
that the cancellous bone changes include a loss of
trabeculae detected in experimental animal models3,4.
Further, bone mineral density (BMD) studies have shown
that bone in the subchondral and deeper subarticular region
of the tibia5 and femoral head6 is hypomineralised in
patients with OA.
Clariﬁcation of the structural alterations in the proximal
tibia that may reﬂect the results of the BMD studies can be
obtained from the computerised method of textural image
analysis called Fractal Signature Analysis (FSA). A pre-
liminary study in patients with early knee OA has reported
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Received 24 May 2004; revision accepted 5 October 2004.3thickening of medium to large sized horizontal trabeculae in
the medial diseased subchondral region7. The present
study provides an in-depth cross-sectional analysis of
trabecular bone differences between a greater number of
OA knee patients, in which not only early but also more
advanced stages OA were present, compared to a larger
non-OA reference group.
Although studies have quantiﬁed differences in trabecular
parameters in non-OA and OA proximal tibiae8,9, analysis
was limited to in vitro bone samples. In this report, we use
non-invasive methods to quantify differences in tibial
vertical and horizontal trabecular bone structure compared
to a healthy reference group in vivo.
Macroradiography, with its unusually good spatial reso-
lution, demonstrates the ﬁne detailed structural organisation
of cancellous bone and this can be quantiﬁed by FSA.
Fractal analysis measures the degree of ‘roughness’ and
‘complexity’ of an image of those structures, and also
quantiﬁes the change in ‘roughness’ with alterations in
spatial scale10. Self-similar images (looking the same at all
magniﬁcations) are said to be ‘fractal’ and have associated
with them a fractal dimension (FD), with a value between
two and three for a surface10. When the pattern of
a structure has altered at a particular size or sizes so as
to be no longer self-similar, the ‘fractal signature’ of its9
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and the size(s) at which those changes have occurred11.
The FD, and similarly the fractal signature, has no units
since it is calculated from the ratio of two areas10. The FD of
cancellous bone assesses the composite nature of the
tissue, which is determined principally by trabecular
number, spacing and cross-connectivity12. Unlike other
methods which calculate a mean FD from the overall
appearance of cancellous bone13, the FSA technique
measures the FD separately for vertical and horizontal
trabeculae over a range of scales corresponding to a range
of trabecular widths, identiﬁed as the ‘fractal signature’14.
Studies to determine the components of cancellous bone
organisation measured by FSA have shown that the
method is sensitive to alterations in the trabecular number
and thickness15,16. FSA has been used to quantify changes
in the lumbar spine of postmenopausal women17 where
vertebrae of reduced bone mineral content had an increase
in FD due to a greater number of ﬁne vertical trabeculae
associated with fenestration of the coarse trabeculae. FSA
of the subchondral region in the tibia of patients with knee
OA7 and those with anterior cruciate ligament rupture18
showed a decrease in the FD associated with thickening of
the coarse horizontal trabeculae and a reduction in
trabecular number associated with merging of adjacent
trabeculae.
Here, for the ﬁrst time, we provide quantitative data
detailing the differences in cancellous bone structure
between patients with early, deﬁnite and advanced OA
compared to non-OA subjects in the subchondral and
previously unexplored deeper subarticular region of the
medial and lateral tibial compartments. We hypothesise that
FSA will detect changes in tibial cancellous bone structure,
the degree of which will correspond to the severity of knee
OA deﬁned by the reduction in joint space width (JSW).
Patients and methods
PATIENTS AND NON-OA REFERENCE GROUP
OA knees
Following ethical committee approval obtained from the
West Kent Health Authority and the Guy’s and St Thomas’
Hospital Trust, 110 patients [F = 70, mean (SD) age 61.0
(10.2) years; mean (SD) Body Mass Index (BMI) 29.0 (5.4)
kg/m2] with early, deﬁnite and advanced radiographic medial
compartment knee OA were recruited from those attending
the hospital based Rheumatology clinics, as well as patients
obtained directly from GP practices. All patients were
diagnosed according to the standard criteria for knee
OA19, had radiographic appearance of knee OA consistent
with Kellgren and Lawrence20 grade I or above, and had pain
in one or both knees for at least one month. These were
carefully examined clinically to exclude other types of
arthritis, evidence of trauma, previous surgical intervention,
or treatment with corticosteroids. Prior to the study, drug
therapy was not controlled and therapeutic agents included
non-steroidal anti-inﬂammatory drugs and use of analgesics.
Baseline macroradiographs of both knees from each patient
were prepared except in patients where the exclusion criteria
precluded one knee, giving 182 knees in total.
Non-OA knees
As ethics considerations precluded taking X-rays of non-
diseased age and sex matched hospital attendees, 27healthy, non-arthritic volunteers were recruited from med-
ical and laboratory staff. Seventeen men and 10 women
had a mean (SD) age of 35.1 (11.2) years and a mean (SD)
BMI of 25.5 (3.5) kg/m2. Macroradiographs were obtained of
both knees from all male and ﬁve female subjects plus one
knee from an additional ﬁve female subjects in order to
provide a more balanced representation of gender within
the reference group, giving 49 knees in total.
MACRORADIOGRAPHS AND DIGITISATION
OF MACRORADIOGRAPHS
High deﬁnition posteroanterior macroradiographs21,22 of
the knees were obtained at magniﬁcations between 3.5!
and 5! in the standing semiﬂexed view23. The centre of the
joint, deﬁned by the joint space, was aligned with the centre
of the X-ray beam with the aid of a cross-optic laser. Using
ﬂuoroscopy, each knee was ﬂexed until the tibial articular
surface was horizontal relative to the ﬂoor, parallel to the
central X-ray beam and perpendicular to the X-ray ﬁlm.
Radiographic magniﬁcation was determined from automated
measurement of the diameter of a metal ball which was
taped to the skin over the tibial tuberosity. Lateral ﬁlms of the
knee were obtained at the same time in order to determine
the distance from the metal ball to the centre of the joint, thus
permitting determination of radiographic magniﬁcation within
the plane of the joint.
All macroradiographs were digitised using the high
resolution Lumysis 200HR laser ﬁlm digitiser (Lumysis,
Sunny Vale, CA) at a pixel resolution of 60 mm by 60 mm
(after correction for magniﬁcation) and the images were
stored and analysed with a Sun Sparcstation, model 20/61
(Sun Microsystems Ltd) and programs written in CCC
were used to calculate JSW and fractal signature of regions
of interest (ROIs) within the images in Mdisplay. Minimum
medial compartment JSW measurements were obtained
using a highly reproducible automated image analysis
technique24,25.
OA AND NON-OA GROUPING
Knee macroradiographs were subgrouped into those with
increasing severity of OA based on minimum medial
compartment JSW. Using the criteria of Ahlback26 and
Leach27 for deﬁning knee OA, knees were grouped
according to whether or not they had deﬁnite joint space
narrowing, deﬁned as a JSW! 3 mm. Further, in order to
identify knees with more advanced joint space narrowing,
knees with JSW! 3 mm were subdivided into those with
JSW% 1.5 mm (50% of 3 mm). This gave a total of three
OA knee subgroups identiﬁed as early (OA1:
JSWO 3 mm), deﬁnite (OA2: JSW% 3 mmO 1.5 mm)
and advanced (OA3: JSW% 1.5 mm) OA. The non-OA
reference group had a JSWO 4.5 mm. Table I provides the
demographic data for the non-OA group and OA subgroups.
REGIONS OF INTEREST
Separate ROIs were identiﬁed for the assessment of
trabecular bone structure consisting of the subchondral and
subarticular regions within the medial and lateral compart-
ments (Fig. 1). To account for variation in tibial size between
patients, ROI width measured 3/4 of tibial compartment
width measured from a vertical line projected down from
either the medial or lateral tibial spine to the outer tibial
margin. The outer 1/4 of the width of the tibial compartment
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Demographic data of non-OA reference group and OA subgroups; early (OA1), definite (OA2) and advanced (OA3)
Group n (female) Age (SD) (years) Weight (SD) (kg) BMI (SD) (kg/m2) JSW (95% CI) (mm)
Non-OA 49 (15) 35.1 (11.2) 79.5 (11.0) 25.5 (3.5) 4.57 (G0.21)
OA knee subgroups
OA1: JSWO 3 mm 70 (43) 58.3 (11.1) 79.4 (14.9) 28.6 (4.7) 4.04 (G0.14)
OA2: JSW% 3 mmO 1.5 mm 52 (40) 60.7 (9.4) 81.4 (17.2) 30.0 (6.5) 2.50 (G0.12)
OA3: JSW% 1.5 mm 60 (32) 64.4 (9.0) 72.3 (12.1) 26.7 (6.1) 0.75 (G0.13)was not included for analysis due to the frequent presence
of periarticular osteopenia adjacent to marginal osteophyte
formation2. The height of each ROIs measured 100 pixels
(6 mm). The subchondral ROI commenced immediately
beneath the inferior border of the medial or lateral cortical
plates (Fig. 1), drawn onto the image by an automated
ridge-tracing function in Mdisplay (Fig. 1). The subarticular
region commenced immediately below the inferior border of
the subchondral ROI.
MEASUREMENT OF SUBCHONDRAL AND SUBARTICULAR
CANCELLOUS BONE
Fractal analysis is a robust method11,14 which is in-
dependent of a range of factors that may vary during routine
radiographic procedure, such as the effect of radiographic
magniﬁcation and projection geometry11,14,28, changes in
object or patient positioning11,12,14,28e31 and variations in
the sensitometric properties of radiographs such as ﬁlm
contrast and mean density11,14,28. FSA of vertical and
horizontal trabecular structures for each ROI quantiﬁed
trabecular structures ranging from 0.12 mm to 1.14 mm in
increments of 1 pixel (0.06 mm). This range of sizes was
chosen because trabecular thicknesses in the proximal tibia
have been shown to fall within this range8,9. The coefﬁcient
of variation for test retest for FSA measurements has been
previously calculated as 2.1%14.STATISTICAL ANALYSIS AND PRESENTATION OF DATA
Differences in the vertical and horizontal trabecular
structures between the non-arthritic reference group and
each OA subgroup were determined using 95% conﬁdence
intervals (CI) and the unpaired t test. To simplify graphical
presentation, the mean fractal signature for each OA group
was subtracted from that of the non-arthritic reference group
(Figs. 2, 3). Each graph presented the differences in fractal
signature for the range of trabecular sizes from 0.12 mm to
1.14 mm. Data points below the abscissa corresponded to
a decrease in complexity of the image texture (reduction in
the FD), associated with a decrease in trabecular number,
whereas those above the abscissa corresponded to an
increase in complexity (increase in the FD), associated with
an increase in trabecular number resulting from thinning
and fenestration of coarser trabeculae. The signiﬁcance
level for both statistical tests was set at P! 0.05, with
P! 0.01 and P! 0.001 identiﬁed wherever appropriate.
For purposes of discussion, trabeculae were referred to as
those that were small (size range: 0.12 mme0.42 mm),
medium (size range: 0.48 mme0.78 mm), and large (size
range: 0.84 mme1.14 mm).
Signiﬁcant differences between OA groups were de-
termined using one-way ANOVA followed by the post-hoc
Bonferroni test for multiple comparisons. Statistically
signiﬁcant fractal signature differences were similarly de-
termined at P! 0.05 for each trabecular size measured.Medial Lateral
M-Sc
M-Sa
L-Sc
L-Sa
Fig. 1. Macroradiograph (4!) of a proximal right tibia showing placement of the medial (M) and lateral (L), subchondral (Sc) and subarticular
(Sa) for FSA. Diameter of ball-bearingZ 5 mm. Broken lines represent the inferior margin of the cortical plate.
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Fig. 2. The mean difference in FD for vertical (i) and horizontal (ii) trabecular structures between OA groups (OA1 d, OA2 e e, OA3 e  e)
and the non-OA group (NOA) in the medial subchondral (a) and subarticular (b) regions. Signiﬁcant differences indicated at P! 0.05 ,
P! 0.01 -, and P! 0.001 ,.Results
MEDIAL COMPARTMENT SUBCHONDRAL REGION
Vertical trabecular structures
Compared to non-OA, FSA of vertical trabeculae in-
creased signiﬁcantly (P! 0.05) in all OA subgroups at all
trabecular sizes 0.12e1.14 mm [Fig. 2(a)(i)]. The magnitude
of the increase in FSA augmented with disease progression
from early to deﬁnite and advanced OA. Signiﬁcant
difference (P! 0.05) occurred at most trabecular sizes
between early and advanced OA (0.12e0.18 mm,
0.36e1.14 mm), and between early and deﬁnite OA
(0.12e0.18 mm, 0.48e1.08 mm).
Horizontal trabecular structures
Compared to non-OA, FSA of horizontal trabeculae
increased signiﬁcantly (P! 0.05) in all OA subgroups at
small to medium trabecular sizes only (early:
0.12e0.48 mm; deﬁnite: 0.12e0.24 mm; advanced:
0.12e0.18 mm) [Fig. 2(a)(ii)]. Signiﬁcant difference
(P! 0.05) occurred at small and medium trabecular sizes
between early and advanced OA (0.12 mm, 0.18e0.36 mm,
0.54 mm), and at small trabecular sizes between deﬁnite
and advanced OA (0.12 mm, 0.30e0.36 mm).MEDIAL COMPARTMENT SUBARTICULAR REGION
Vertical trabecular structures
Compared to non-OA, FSA of vertical trabeculae in-
creased signiﬁcantly (P! 0.05) in deﬁnite and advanced
OA at all trabecular sizes (0.12e1.14 mm), and in early OA
at two sizes only (0.12 mm, 1.14 mm) [Fig. 2(b)(i)]. Signif-
icant difference (P! 0.05) occurred at most trabecular
sizes between early and advanced OA (0.12 mm,
0.36e1.14 mm), and between early and deﬁnite OA
(0.30e1.14 mm).
Horizontal trabecular structures
Compared to non-OA, FSA of horizontal trabeculae
increased signiﬁcantly (P! 0.05) in early OA at a range
of trabecular sizes (0.12e0.54 mm, 1.08 mm) and in deﬁnite
and advanced OA at small sizes only (deﬁnite:
0.12e0.24 mm; advanced: 0.12e0.30 mm). Compared to
non-OA, FSA of horizontal trabeculae decreased signiﬁ-
cantly (P! 0.05) in advanced OA at medium to large
trabecular sizes (0.60e1.14 mm) [Fig. 2(b)(ii)]. Signiﬁcant
difference (P! 0.05) occurred at a range of trabecular
sizes between early and advanced OA (0.12e0.18 mm,
0.36e1.14 mm), between early and deﬁnite OA
(0.36e0.90 mm) and between deﬁnite and advanced OA
(0.12e0.18 mm, 1.02e1.14 mm).
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Fig. 3. The mean difference in FD for vertical (i) and horizontal (ii) trabecular structures between OA groups (OA1d, OA2 e e, OA3e  e) and
the non-OA group (NOA) in the lateral subchondral (a) and subarticular (b) regions. Signiﬁcant differences indicated as described in Fig. 2.LATERAL COMPARTMENT SUBCHONDRAL REGION
Vertical trabecular structures
Compared to non-OA, FSA of vertical trabeculae in-
creased signiﬁcantly (P! 0.05) in early and deﬁnite OA at
all trabecular sizes (0.12e1.14 mm) and in advanced OA at
most trabecular sizes (0.12e0.18 mm, 0.42e1.14 mm)
[Fig. 3(a)(i)]. Signiﬁcant difference (P! 0.05) occurred at
small trabecular sizes between early and deﬁnite OA
(0.12 mm) and between deﬁnite and advanced OA
(0.12 mm, 0.24 mm).
Horizontal trabecular structures
Compared to non-OA, FSA of horizontal trabeculae
increased signiﬁcantly (P! 0.05) in early OA at small to
medium sizes (0.12e0.60 mm), in deﬁnite OA at small sizes
(0.12e0.18 mm) and in advanced OA at most sizes
(0.12e0.18 mm, 0.42e0.78 mm) [Fig. 3(a)(ii)]. Signiﬁcant
difference between early, deﬁnite and advanced OA
occurred at size 0.12 mm only.
LATERAL COMPARTMENT SUBARTICULAR REGION
Vertical trabecular structures
Compared to non-OA, FSA of vertical trabeculae in-
creased signiﬁcantly (P! 0.05) in early OA at small and
large trabecular sizes (0.12e0.18 mm, 0.84e1.14 mm), in
deﬁnite OA at a range of sizes (0.12e0.18 mm,
0.54e0.60 mm, 0.78e1.14 mm) and in advanced OA at
small sizes (0.12e0.18 mm) [Fig. 3(b)(i)]. Signiﬁcant differ-
ence (P! 0.05) occurred between early and advanced OA(sizes 0.12 mm, 0.30e0.36 mm, 0.96e1.14 mm) and be-
tween deﬁnite and advanced OA (0.12 mm, 0.24e0.48 mm,
0.84e1.08 mm).
Horizontal trabecular structures
Compared to non-OA, FSA of horizontal trabeculae
increased signiﬁcantly (P! 0.05) in all OA groups at small
to medium sizes (0.12e0.48 mm) and in advanced OA at
large sizes (0.84e0.96 mm, 1.14 mm) [Fig. 3(b)(ii)]. Signif-
icant difference (P! 0.05) occurred between early, deﬁnite
and advanced OA at size 0.12 mm only.
EFFECT OF GENDER AND AGE
Differences in trabecular bone structure between male
and female tibiae were examined separately in the non-OA
and OA groups. The medial subchondral region was
chosen for analysis because it is the zone usually
associated with trabecular bone changes in OA8,9.
In non-OA tibiae, there were no differences in FD of
vertical trabeculae between male and female subjects. For
horizontal trabeculae, compared to the male group, the
female group exhibited a decrease in FD at small and large
sizes (0.36 mm, 0.96e1.14 mm, P! 0.05). The maximum
difference in FD between male and female non-OA knees
was small (!0.1) and no consistent increase or decrease in
FD across all trabecular sizes was detected.
In OA tibiae, FSA data from all subgroups were combined
prior to subdivision into male and female groups. For
vertical trabeculae, compared to the male group, the female
group exhibited no signiﬁcant differences in FD apart from
a single decrease (0.12 mm, P! 0.05) and a single
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compared to the male group, the female group exhibited an
increase in FD at sizes 0.54e0.96 mm (P! 0.05). The
maximum difference in FD was small (!0.1).
Similar to previous ﬁndings7, positive correlation between
the subject’s age and FD in the medial subchondral region
occurred principally for small vertical trabeculae (%0.3 mm)
in both OA and non-OA patients. In non-OA knees, there
was moderate correlation between age and FD of small
vertical trabeculae (0.12e0.30 mm, rZ 0.23e0.51,
P! 0.05) and weak correlation for some medium vertical
trabeculae (0.78e0.84 mm, rZ 0.25e0.28, P! 0.05),
whereas no correlation occurred for horizontal trabeculae.
In OA knees, the correlation between age and FD was
weaker compared to the non-OA group and involved small
vertical trabeculae (0.18e0.30 mm, rZ 0.18e0.20,
P! 0.05) and medium to large horizontal trabeculae
(0.54e0.96 mm, rZ 0.17e0.23, P! 0.05).
Discussion
Compared to the non-OA reference group, FSA quanti-
ﬁed signiﬁcant differences in trabecular bone structures in
both subchondral and subarticular regions of the medial and
lateral tibial compartments in OA knee patients with mild,
deﬁnite and advanced joint space narrowing. This study
revealed the depth and the magnitude to which these
structural changes had occurred. The extent of these bony
changes appears not to have been described previously in
the literature.
The principal ﬁnding in all OA subgroups and in all ROIs
was increased FSA of vertical trabeculae compared to non-
OA, consistent with increased vertical trabecular number
associated with thinning and fenestration of coarser
trabeculae17. This showed osteoporosis to be present in
the subchondral and subarticular ROIs of both compart-
ments, conﬁrming the signiﬁcant decrease in BMD reported
by others using DEXA5,6. This osteoporosis is possibly
linked to abnormal bone cell behaviour in OA joints,
reported as imbalances in bone resorption, formation or
both32. Recent studies have conﬁrmed that increased bone
resorption plays an integral role in the disease process, with
increased levels of markers of bone resorption reported in
patients with radiographic evidence of knee OA, including
type I collagen33, osteocalcin34 and deoxypryidinoline35. In
addition to bone being lost locally within the diseased joint,
altered bone tissue contents has been reported in OA
patients at sites distant from weight-bearing joints36,
including a study that demonstrated low BMD at the hip to
be weakly correlated with OA knee progression37.
MEDIAL COMPARTMENT
The thinning and fenestration of vertical trabeculae in the
medial subchondral region increased for each subgroup
from early through to advanced OA. This between-group
difference conﬁrmed the association between the reduction
in joint space and the degree of bony changes reported
previously in a smaller study7.
An important structural change to joint anatomy that may
contribute to this cancellous bone remodelling is the
increase in cortical plate thickness, a process that has
been shown to occur prior to joint space narrowing25.
Cortical plate thickening in knee OA is caused by
reduplication of the tidemark following vascular invasion of
the calciﬁed cartilage at the boneecartilage interface38 as
well as deposition of woven bone at the boneemarrowinterface39. The presence of medium to large sized
horizontal trabeculae that remained unchanged within the
medial subchondral region is probably due to the preser-
vation of these structures because of the effect of the
greater loads that arise close to the articular surface. We
hypothesise that the thickened cortical plate, retention of
thick horizontal trabeculae, and ﬂattening and increased
congruity between the articular elements39 lead to greater
absorption of local stress, reducing load transmission to the
underlying subchondral bone in a similar way to ‘stress-
shielding’ observed in the bone under metal prosthe-
ses40,41. This reduction of load applied to the medial
compartment would lead to an osteoporosis quantiﬁed by
FSA and observed on macroradiographs as regions of
greater radiolucency (Fig. 4). Furthermore, increase in
vertical trabecular alignment up to 9( has been reported in
OA tibiae42 up to 5 mm below the cortical plate. This may
also result in an increase in the number of vertical
trabeculae detected by FSA, leading to an increase in
fractal signature31. The relevance of these separate factors
requires further study.
Stating that subchondral bone in the proximal tibia of
patients with knee OA is osteoporotic may appear to
contradict the literature that includes subchondral sclerosis
amongst the characteristic features of the disease1,2. This
apparent contradiction was clariﬁed following careful visual
inspection of knee radiographs from patients with knee OA.
In such ﬁlms, thick horizontal trabeculae appeared prom-
inent, not due to proliferation of their bony material and/or
thickening of these structures, but due to the marked
radiolucency of the underlying cancellous bone (Fig. 4).
Hence, an observer would identify bone within the medial
subchondral region as being ‘sclerotic’, whereas in reality, it
is the osteoporosis of the underlying bone that resulted in
an enhanced prominence of the thick subchondral horizon-
tal trabeculae. These features undergo minimal structural
change, since FSA has conﬁrmed that thick horizontal
structures in the medial subchondral region are retained.
This ﬁnding has been substantiated by recent work in which
manual measurement of the individual thick horizontal
trabeculae in the medial subchondral ROI revealed no
alteration in dimension or number in knees with early
through to advanced OA (Buckland-Wright, personal
communication).
In the medial subarticular region, thinning and fenestration
of vertical trabeculae was detected in knees with deﬁnite and
advanced OA, demonstrating that changes in vertical
trabecular structure in this deeper region only occurred later
on in the disease process, subsequent to remodelling of
bone closer to the articular surface. Our studies16 have
shown that a reduction in fractal signature was associated
with a decrease in the number of structures detected.
Therefore, the decrease in fractal signature of medium to
large sized horizontal trabeculae in the advanced OA group
was attributable to a reduction in their number due to thinning
and loss. The detection of this loss in trabeculae was more
apparent in the subarticular than in the subchondral region
since the number of large horizontal trabeculae was fewer in
the former. Thinning of large horizontal trabeculae in the
subarticular region resulted in an increase in the number of
smaller trabeculae detected by FSA [Fig. 2(b)(ii)].
LATERAL COMPARTMENT
In contrast to previous work that reported no differences
in bone structure in the lateral compartment of OA tibiae
45Osteoarthritis and Cartilage Vol. 13, No. 1Fig. 4. Macroradiographic (4!) image of a left proximal non-OA (a) and OA tibia (b). Subarticular osteoporosis, manifested as increased
radiolucency, is visible in the lateral and particularly medial tibial compartments in (b). Diameter of ball-bearingsZ 5 mm.compared to non-OA tibiae7, this study detected thinning
and fenestration of small, medium and large vertical
trabeculae within this compartment in all OA subgroups.
Since OA knees with medial compartment disease have
varus malalignment43, the associated subluxation and
unloading of the lateral compartment leads to disuse
osteoporosis in the latter. These ﬁndings were conﬁrmed
not only from visual inspection of macroradiographs which
revealed greater radiolucency in the lateral compartment
compared to that within the non-OA knees (Fig. 4), but also
from a recent magnetic resonance imaging study that
detected loss of bone structure in the compartment opposite
to that which had undergone articular cartilage degrada-
tion44, and from densitometry work that reported a signiﬁ-
cant decrease in BMD in this compartment5.In the lateral subarticular region, the thinning and
fenestration of vertical and horizontal trabeculae occurred
to a lesser extent than that present in the subchondral
region. The near total absence of signiﬁcant differences in
trabecular structure between OA groups in the lateral
compartment indicated that the osteoporotic changes did
not alter with disease status and appeared to be in-
dependent of the extent of joint space loss in the medial
compartment.
EFFECT OF GENDER AND AGE
Overall, the data were not strong enough to assert that
major differences in tibial bone structure existed between
male and females, in both non-OA and OA subjects. It is
46 E. A. Messent et al.: Tibial trabecular bone change in knee OAlikely that in a larger patient cohort, no signiﬁcant differ-
ences in trabecular structure would be detected.
Although the mean age of the non-OA group was
considerably less than that of the OA subgroups, this does
not invalidate results. Previous work has demonstrated that
aging results in increased FD of mostly ﬁne vertical
trabeculae, substantiated by reported trabecular thinning in
aging bone45,46. However, the present study demonstrated
signiﬁcant differences in vertical and horizontal trabecular
structure between non-OA and OA knees not only at small
sizes, but also at medium and large sizes, conﬁrming that
changes in trabecular structure were due to the effects
related to joint space narrowing, not just aging.
SUMMARY
FSA quantiﬁed substantial differences in bone structure
between non-OA and OA subjects in which localised
osteoporosis caused by thinning and fenestration of
trabeculae leads to an increase in ﬁne trabecular number
in the proximal tibia. Minimal differences in bone structure
between male and female non-OA knees occurred and
differences would likely be absent in a larger patient cohort,
whereas differences in bone structure between male and
female patients with knee OA requires further investigation,
as does the effect of patient’s BMI in view of the known
relationship between obesity and knee OA47, particularly in
women48.
The increase in fractal signature across not only small,
but also medium and large vertical structures demonstrated
that trabecular thinning was attributable to the disease
process and not principally due to the higher mean age of
the OA groups compared to the non-OA group, since the
present and previous7,31 work has demonstrated that the
aging process results in an increase in FD of mostly small
sized vertical structures (%0.30 mm).
In the medial compartment, the osteoporosis in the
subchondral and subarterial regions can be attributed to
the ‘stress-shielding’ effect subsequent to cortical plate
thickening and retention of the thick subchondral horizontal
trabeculae. In the lateral compartment, the subchondral and
subarticular osteoporosis was the result of mechanical
unloading due to varus malalignment associated with
medial compartment joint space loss.
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